Polymerase chain reaction (PCR) was used to generate DNA encoding a 60 kDa stress protein of Mycobacterium paratuberculosis using primers complementary to sequences at the 5' and 3' ends of 60 kDa stress protein genes (encoding the '65 kDa antigens') of M. leprae and M. tuberculosis. The predicted PCR product of 1.8 kb contained the entire coding sequence of an M. paratuberculosis 60 kDa stress protein, with non-coding regions of 124 bp and 1 bp at the 5' and 3' ends, respectively. DNA encoding the entire ORF for the 60 kDa stress protein, as well as thrombin and Factor Xa proteolytic cleavage sites, was ligated into the bacterial expression vector pGEX-2T and used to transform Escherichia coli strain JM83. Transformed bacteria, induced by IPTG, expressed an 85 kDa fusion protein comprising glutathione S-transferase (GST) and M. paratuberculosis 60 kDa stress protein. This fusion protein was purified by adsorption to glutathione-agarose beads and shown to cross-react in Western blot analysis with an anti-mycobacterial 60 kDa stress protein monoclonal anti body. Recombinant M. paratuberculosis 60 kDa stress protein was liberated from GST by proteolytic cleavage with either thrombin or Factor Xa enzyme. Authenticity of liberated recombinant stress protein was confirmed by N-terminal amino acid sequencing.
INTRODUCTION
Mycobacterz'um paratzrberczrlosis (re-named M . avitlm subsp. paratzrberculosis) causes Johne's disease, resulting in a chronic granulomatous inflammation through gastrointestinal infection of macrophages and epithelioid cells (Buergelt e t al., 1978; Chiodini e t al., 1984) . An The EMBL accession number for the nucleotide sequence reported in this paper is X74518.
pathogens (Shinnick e t al., 1987; Young e t al., 1988) . It seems paradoxical that mycobacterial 60 kDa stress proteins are immunologically dominant antigens (Cohen, 1991) ' because the amino acid identity between prokaryotic and eukaryotic 60 kDa stress proteins is in the range of 40-50 %, conferring upon these mycobacterial proteins the potential to generate autoimmune disease. This paradox may be resolved if the immunological dominance of the mycobacterial 60 kDa proteins arises from the host's immune response to its own 60 kDa stress protein, presented by cells stressed by stimuli including infection (Janeway e t al., 1988) . In this situation, the production of M. paratuberculosis 60 kDa stress protein within infected macrophages may affect the host stress response as a consequence of excessive production and presentation of conserved 60 kDa stress protein epitopes. Such immune reactivity may contribute to the pathogenesis of Johne's Disease.
The utility of sheep, a natural host for M. paratubercdosis, to test this hypothesis has become a reality in recent years 0001-9205 0 1994 SGM A. COLSTON, I. M c C O N N E L L a n d R. BUJDOSO through the development of a panel of monoclonal antibodies that define the major populations of T cells in this species (Mackay e t al., 1986) . A major limitation, however, has been the lack of M. paratzlberczllosis 60 k D a stress protein for use in immunological assays to assess its potential role in the pathogenesis of Johne's disease. Here, we describe the successful generation of recombinant M. paratzlberczllosis 60 k D a stress protein using the Escherichia coli expression system p G E X -2 T . T h e availability of recombinant M. paratzlberczllosis GO k D a stress protein will allow a more thorough analysis of the contribution of this antigen to Johne's Disease.
Bacteria and plasmids. Escherichia coli strains JMlOl and JM83
were used as recipients of the plasmids pTZ18 and pT219R (Pharmacia). The expression vector pGEX-2T (Smith & Johnson, 1988 ) was a gift from Dr D. Smith, University of Edinburgh. In the pGEX-2T expression system, the protein of interest is expressed as a fusion protein with the glutathione Stransferase (GST) of Schistosomajaponicm (Smith & Johnson, 1988 ). An important feature of this GST-fusion protein is that it is easily purified from bacterial lysate by a simple affinity purification step, involving binding of the GST moiety to its specific substrate, glutathione, immobilized on agarose beads (Smith & Johnson, 1988) .
Antiserum. Monoclonal antibody IIH9 (IgG,) (Gillis & Buchanan, 1982) which recognises the 60 kDa stress protein of M. leprae, was a gift from D r T. M. Shinnick (Centers for Disease Control, Atlanta, GA, USA).
Detection of M. paratuberculosis-specific IS900 insertion sequence. M . paratuberctllosis (strain 18) genomic DNA was a kind gift from the Central Veterinary Laboratory, Weybridge, Surrey, UK. The authenticity of this DNA4 was verified by a polymerase chain reaction (PCR) to detect the M. paratubercdosis-specific IS900 insertion sequence (Vary et al., 1990 ) using a 5' primer comprising; 5'-CCGCTAATTGAGAGATGCGATTGG-3' and a 3' primer comprising 5'-AATCAACTCCAGCAGCGCGGCCTCG-3'. PCR was carried out as described by Saiki (1989) with 0.1 nM of each primer and a previously determined optimum concentration of MgC1, and DMSO. PCR products were electrophoresed in 1.5% (w/v) agarose gel and either visualized by ethidium bromide staining and UV-transillumination, or transferred onto nitrocellulose membrane for Southern blot analysis. Membranes were prehybridized in 7 % (w/v) SDS, 0-5 M phosphate buffer (Na,HP04/NaH,P04) pH 7, 1 YO BSA for 4-6 h at 68 OC. The prehybridization fluid was replenished and a 32P-labelled IS900 oligonucleotide 5'-AGGTTGTGCCACAACCACCTCCGTA-3', which was internal to the two PCR primers, added and incubated at 68 "C overnight. The filter was washed in 2 x SSC and 0-5 % SDS, with a final wash in 0.1 x SSC and 0.5% SDS, dried, wrapped in cling film and exposed to Kodak XAR film.
Cloning of DNA encoding 60 kDa stress protein. M . paratzrbercdosis (strain 18) genomic DNA, verified as described above, was used as substrate in a PCR using primers which contained common sequences found in the 60 kDa stress protein of M . leprae (Mehra e t al., 1986) and M. ttlberculosis (Shinnick, 1987) . The 5' primer sequence was 5'-AGTGCT/CAGGTCGGGACGGTGAG-3' and the 3' primer sequence 5'-GTCAGAAG/ATCCATA/GCCACCCATG-3'. The 1.8 kb reaction product was blunt-end-ligated into the phagemids pTZ19R and pTZ18R and rescued by transformation of E. coli JM101. The 1.8 kb inserts of two independent transformants were fully sequenced by the dideoxy method (Sanger e t a/., 1977) using internal primers, and through the generation of subclones obtained by restriction digest. One transformant designated MPHSPGOA was used as substrate in a PCR to generate DNA encoding the entire putative ORF of the 60 kDa stress protein gene starting at nucleotide 125. The full primer sequences used to generate the 1.6 kb DNA fragment are shown in Fig. 1 . The 1.6 kb PCR product was ligated into the unique BamHI site of the bacterial expression vector pGEX-2T, and rescued by transformation of JM83 bacteria. Transformants grown on LBampicillin agar plates were selected by restriction digestion and double-stranded-sequencing through the 5' vector-insert junction of pGEX-2T for those which contained the 60 kDa stress protein DNA in the correct orientation, and with a maintained reading frame for fusion protein expression. Positive clones were grown in small-scale liquid culture using LB supplemented with 150 pg ampicillin ml-'. Following induction with IPTG, crude bacterial lysates were analysed by SDS-PAGE. One transformant, designated MP2211 B, was selected for large-scale culture. A transformant with reversed insert was also selected as an appropriate control.
Purification of recombinant 60 kDa stress protein.
The fusion protein comprising GST-stress protein was routinely purified from 5 1 IPTG-induced culture of MP2211 B in LB plus 150 pg ampicillin ml-' in Erlenmeyer flasks on an orbital shaker at 37 OC. Pelleted bacteria were resuspended in PBS and lysed by sonication in the presence of the protease inhibitors aprotinin, antipain, chymostatin, leupeptin, pepstatin (all at 2-5 pg inhibitor ml-') and PMSF (0.2 mM) (all from Sigma). The bacterial lysate was made up to 1 % (w/v) in Triton X-100, clarified by centrifugation at 10000 g, and rotated with glutathione-agarose beads [about 30 ml supernatant (1 50 mg dried beads)-'] at room temperature for 30 min. The beads had previously been washed in PBS (0.136 M NaCl, 2.6 M KC1, 8.1 mM Na,HP04, 1AmM KH2P04, pH 7-2) plus 1 YO Triton X-100 (PBS-Triton). The glutathione-agarose beads were washed three times with PBS-Triton and twice with protease cleavage buffer [50 mM Tris/HCl, 1 mM CaC1, (2.5 mM CaC1, with thrombin) 100 mM NaC1, 0.05 'YO deoxycholate, pH 7-51. Either thrombin (Sigma) at 25 units ml-' or Factor Xa enzyme (Boehringer Mannheim) at 0.2% (w/w) was added for 1 h at room temperature, after which timep-(amidinopheny1)methanesulphonyl fluoride (P-APSMF) (Sigma) was added to a final concentration of 80 pg ml-' to halt the reaction. Beads were pelleted by centrifugation, and clarified supernatant was retained along with two further supernatants collected from two washes of the beads with 50 mM Tris/HCl, 100 mM NaC1, pH 7.5. The three supernatants were pooled and dialysed into 20 mM again before development with 330 pg nitroblue tetrazolium ml-' (Sigma) and 165 pg 5-bromo-4-chloro-3-indolyl phosphate ml-' (Sigma) in 0.1 M Tris/HCl, pH 9.5, 100 mM NaCl and 5 mM MgCl, (Pluzek & Ramlau, 1988) .
N-terminal sequence analysis.
Proteins were separated by SDS-PAGE and electroblotted, as described above, onto polyvin ylidene difluoride membranes (Problott transfer membranes, Applied Biosystems). The proteins of interest were identified by Coomassie staining, and sequenced with an Applied Biosystems 470A protein sequencer.
RESULTS

Verification of M. paratuberculosis genomic DNA
The strategy to clone and express M . paratzhctllosis 60 kDa stress protein was to use PCR to amplify DNA encoding this protein from genomic M. paratzlberctllosis DNA. To verify that the DNA to be used was derived from M. paratzrbercdosis, a PCR was carried out to detect the M. parattlberczllosis-specific insertion sequence IS900. PCR primers specific to the 5' and 3' ends of the IS900 coding sequence were used to amplify a fragment of the gene which was subsequently detected by Southern blot with a 32P-labelled primer internal to those used for the PCR. Fig. 2 clearly shows the presence of the predicted 229 bp IS900 PCR product, verifying that the genomic DNA was that of M. parattlbercdosis.
Cloning and sequence of DNA encoding the 60 kDa stress protein DNA encoding the 60 kDa stress protein was generated by PCR using M . parattlberczllosis genomic DNA as template DNA with primers comprising common sequences found at the 5' and 3' ends of 60 kDa stress protein genes of M. leprae (Mehra e t al., 1986) and M. tzlberczrlosis (Shinnick, 1987) . The predicted PCR product of 1.8 kb was cloned into the phagemids pTZ18R and pTZl9R, and used to transform E. coli strain JM101.
Insert DNA from two independent clones, MPHSPGOA and MPHSP60B, was fully sequenced in both directions using internal sequencing primers and a subcloning strategy as shown in Fig. 3 . Both clones exhibited exactly the same sequence (EMBL accession number X74518 bacterial expression vector pGEX-2T (Fig. 3) . Recombinant clones in E. culi JM83 were sequenced through the insertion site of the vector to select those with the correct orientation and maintenance of reading frame. One transformant, MP221 lB, was chosen for further work. A crude extract of MP2211B grown in liquid culture with IPTG-induction was analysed by SDS-PAGE. Lysate from this transformant showed the prrsence of a prominent band of molecular mass 85 kDa (Fig.  5 , lane 3) which correlates with the predicted size of the GST-60 kDa fusion protein, and which was not present in lysates of untransformed JM83 (Fig. 5, lane 1) . Lysates of JM83 transformed with pGEX-2T containing the ORF in the antisense direction showed a unique protein band of approximately 87 kDa (Fig. 5, lane 2) . Evidence that the 85 kDa protein present in the MP2211B lysate was indeed the GST-60 kDa fusion protein was shown by its retention on glutathione-agarose beads (Fig. 5, lane 4) . Further evidence that the 85 kDa protein was the predicted GST-60 kDa fusion protein, was obtained by Western blot analysis using monoclonal antibody IIH9 which was raised to M. leprae hsp6O (Gillis & Buchanan, 1982) . This monoclonal antibody reacted with an 85 kDa protein present in lysate derived from MP221 lB, and also with the material from this lysate that was adsorbed, and subsequently eluted, from the glutathione-agarose beads (Fig. 5, lanes 7 and 8, respectively) . Monoclonal IIH9 did not react with lysate from untransformed JM83, or from bacteria transformed with pGEX-2T containing PCR product in the reverse direction (Fig. 5 , lanes 5 and 6, respectively).
The plasmid encoding GST-60 kDa stress protein was engineered to contain both thrombin and Factor Xa proteolytic cleavage sites to allow the separation of the 60 kDa stress protein from GST. Fig. 6 shows that efficient cleavage of fusion protein adsorbed onto glutathione-agarose beads occurred in the presence of Factor Xa or thrombin enzyme. Factor Xa liberated three proteins, of molecular mass 57,53 and 27 kDa (Fig. 6 , lane 2). Only the 57 and 53 kDa bands reacted with monoclonal antibody IIH9 (Fig. 6 , lane 5), suggesting the 27 kDa band was GST. Cleavage of the fusion protein with thrombin released a single protein of 58 kDa (Fig. 6 , lane 3) which reacted with monoclonal antibody IIH9 (Fig. 6 , lane 6).
N-terminal sequence analysis of the 57 kDa Factor Xa cleavage product revealed the N-terminus of M.
paratzrberczrlusis 60 kDa stress protein predicted from the nucleic acid sequence (Fig. 7) . The five amino acids at the N-terminus of the 53 kDa Factor Xa cleavage product were NVVLE, which corresponded to amino acid position 36-40 of the authentic 60 kDa stress protein predicted from the nucleic acid sequence. N-terminal amino acid sequence analysis of the thrombin cleavage product was consistent with predicted additional amino acids between the thrombin cleavage site and the authentic N-terminus of the native molecule.
Routinely, thrombin was used to cleave the 60 kDa stress protein from fusion protein adsorbed to glutathioneagarose beads, and the protein was subsequently purified by ion-exchange HPLC. The recombinant M. paratuberculosis hsp6O was routinely > 95 YO pure as judged by silver stained SDS-PAGE with a final yield of approximately 2 mg 1-1 of original bacterial culture.
DISCUSSION
Research into the immunopathogenesis of M . paratubercdosis infection (Johne's disease) in ruminants has gained new impetus with the resurgence in interest of a role for this organism in the pathogenesis of Crohn's disease in humans (Seldenrijk e t al,, 1990 ; Moss e t al., 1991). As a consequence, there is a requirement for the generation of defined reagents, such as recombinant antigens, which will allow a more detailed examination of the immunopathogenesis of these two diseases. Here we have described the cloning and expression of M. paratzhrculosis 60 kDa stress protein.
Because of the relatedness of mycobacterial species it was important to establish that the DNA to be used as PCR template was that of M. paratubercdosis. This was achieved through the use of a PCR to detect the M . paratuberculosisspecific insertion sequence IS900 (Green et a/., 1989) found in all M . paratuberculosis strains so far studied. IS900 is not present in members of the closely related M. avizlm-M. intracellulare (MAI) complex (Vary e t al., 1990 ;  McFadden e t al., 1987), whose genomes have been shown to differ in sequence by only 1-2% from that of M. paratnberculosis. Using PCR primers, and an internal oligonucleotide probe, all specific for IS900, the authenticity of M. paratubercdosis DNA was confirmed. The source of mycobacterial genomic DNA used here was M. paratuberculosis strain 18. Strain 18 is an atypical strain of M. paratubercdosis that is now considered to be a strain of M . avium (Chiodini, 1993) . In studies by others, M. paratztberculosis strain 18 did not contain the IS900 insertion sequence but did contain the related sequence IS901 (Kunze e t al., 1992) . The presence of the IS900 insertion sequence in the genomic DNA used in our studies reported here suggests that this material originates from an authentic M. paratuberculosis strain. A PCR using primers which contained common sequences found in the 60 kDa stress protein of M. tuberculosis and M. leprae, was used to derive the DNA clone MPHSPGOA which potentially encoded the 60 kDa stress protein of M.
paratzlberczllosis.
Sequence analysis of clone MPHSPGOA revealed a G + C content of 68.2 mol YO, which is consistent with the high G + C content reported for M. paratzlberczllosis genomic DNA. This relatively high G + C content reflects the bias in codon usage towards a G or C at codon position 3, which is a possible mechanism for conservation of genetic material (Ikemura, 1985) . The nucleotide sequence of clone MPHSPGOA shows two possible start codons: a GTG at nucleotide position 2-4, and an ATG at nucleotide position 125-127. It is likely that the ATG is an authentic start signal because 12 bp upstream of this codon there is a putative Shine-Dalgarno sequence (5 out of 5 nucleotide match with GGAGG). Five lines of evidence strongly suggest that clone MPHSPGOA encodes a hsp6O from M. paratzlbercdosis. Firstly, the PCR primers designed from the M. tzlberczllosis and M. leprae hsp6O gene sequences gave a product of the predicted length (1.8 kb) . Furthermore, the 1623 bp ORF in clone MPHSPGOA is predicted to result in a 541 amino acid polypeptide with a molecular mass of approximately 56.4 kDa, similar to that of other hsp6O proteins, including the 65 kDa antigens from the three related mycobacteria, M. bovis (Thole e t al., 1987) , M. leprae (Mehra e t al., 1986) , and M. tzlberczilosis (Shinnick, 1987) . Secondly, the degree of amino acid sequence identity between the ORF in clone MPHSPGOA and the mycobacterial hsp6O (65 kDa antigen) homologues is about 94%. Comparison of the mycobacterial hsp6O protein sequences reveals that the differences between M. paratzlberczllosis and M . leprae are evenly spread throughout the sequence whereas the differences between M. paratzlberczrlosis and M. tzlberczllosis are clustered at the C-termini (data not shown). Thirdly, nucleotide residues 31 6-658 of clone MPHSPGOA are identical to the sequence of a 343 bp PCR product generated from M. paratzlberculosis DNA by Hance e t al. (1989) using primers complementary to M. bovis 60 kDa stress protein. Fourth, the expressed ORF of clone MPHSPGOA reacted in a Western blot analysis with monoclonal antibody IIH9, which was raised to M. leprae 60 kDa stress protein (65 kDa antigen). Fifth, the sequence of MPHSPGOA at nucleotides 1 196-1 234 encodes the consensus sequence YXXXXLXERXAKL which is thought to form part, or all, of the ATPase site of some stress proteins (Luis e t al., 1990) .
The mycobacterial hsp6Os are homologues to other stress proteins and chaperonins, such as the GroEL protein of E. coli (Hemmingsen et al., 1988) , the human P1 mitochondrial protein (Jindal e t al., 1989) and the ribulose 1,5-bjsphosphate carboxylase large-subunit-binding-protein of chloroplasts (Hemmingsen e t al., 1988) . In the case of E. coli, the GroEJ, protein is expressed from an operon along with the 10 kDa GroES homologue (Hemmingsen e t al., 1988) . This is not the case for the hsp6O (65 kDa antigen) genes in mycobacteria, although M. leprae (Rinke de Wit e t al., 1992) and M. tzlbercdosis (Kong e t al., 1993) do have, at another locus, an operon containing an hsp6O isoform (60% identity at the protein level with the 65 kDa antigen) and a GroES homologue. The nomenclature used to denote the hsp6O homologues in the literature is variable and confused. A clarification of the terms and a call for an agreed terminology has been presented (Hunt e t al., 1994) . We prefer the term hsp60.
It was decided that the expressed recombinant M. parattlberczllosis hsp60, generated here, would have as its N-terminus the methionine encoded by nucleotides 125-127 of clone MPHSP60A, because the resultant protein would be homologous with other sequenced hsp60s, and in particular, the first 12 predicted residues of the expressed protein would have complete identity with published N-terminal amino acid sequence of purified M. bovis 65 kDa antigen (Thole e t al,, 1987) . The GST-M. paratzlberculosis hsp6O fusion protein expressed from the pGEX-2T vector was the most predominant cellular protein in E. coli transformed with this construct. The fusion protein was efficiently adsorbed onto glutathioneagarose beads and after a single round of affinitypurification a relatively pure preparation of GST-hsp6O was obtained. Site-specific proteolytic cleavage of fusion protein attached to the glutathione-agarose beads was found to be the most effective method for isolation of soluble recombinant hsp60. Thrombin cleavage of GSThsp6O fusion protein resulted in the release of a single protein of 58 kDa. N-terminal sequence analysis predicted this to be authentic M. paratzlberczllosis hsp6O with additional amino acids at its N-terminus. During prolonged incubation with thrombin, smaller products were observed which were detected with monoclonal antibody IIH9. These were presumed to be degradation products of the recombinant hsp6O and were prevented by the addition of the irreversible thrombin inhibitor p-(amidinopheny1)methanesulphonyl fluoride (Laura et al., 1980) immediately after cleavage reactions. Factor Xa treatment of GST-hsp6O fusion protein resulted in authentic recombinant hsp6O and a 53 kDa cleavage product of this protein. The 53 kDa cleavage product had the sequence NVVLE as its first five amino acids, which are predicted from the DNA sequence to be amino acid residues 36-40 of native M. paratzlberczllosis hsp60. Amino acid residues 32-45 of native M. paratzlbercdosis hsp6O are predicted to be PKGR. This sequence has matches at two out of four residues to the reportedly specific Factor Xa cleavage site IEGR (Nagai et al., 1984) . Other Factor Xa cleavage sites include the prothrombin sequence IDGR (Magnusson e t al., 1975) , the HIV p24 sequence ISPR (Gilmour e t al., 1989) and more recently the IL-la sequence IKPR and IL-lP sequence IEEK (Fiskerstrand et al., 1992) . These, and the PKGR reported here, appear to be less specific, or relaxed, Factor Xa cleavage sites.
Mycobacterial hsp6Os and their mammalian homologues have approximately 50 % identity and contain significant stretches of complete sequence identity, interspersed with regions of variability (Hemmingsen e t al., 1988 ; Jindal e t al., 1989) . The mycobacterial hsp6Os may therefore be viewed as comprising mycobacterium-specific epitopes (non-conserved epitopes) and epitopes that resemble host hsp6O epitopes (conserved epitopes). During an immune response to a mycobacterial infection, mycobacterial Recombinant M. paratzlbercdosis hsp6O hsp6Os will be processed by infected cells, and both nonconserved and conserved epitopes of the hsp6Os will be presented to the host immune system, along with host epitopes. Recognition of self stress proteins, possibly by y6 T cells (Janeway e t al., 1988) , may be a natural mechanism by which the host signals to its immune system the presence of an infected, or stressed cell. Initial infection of host cells with M. paratzrberczrlosis could therefore elicit an immune response initially targeted on self stress protein, which becomes directed onto mycobacterial hsp60. In the continued presence of mycobacteria, constant stimulation of T cells specific for hsp6O epitopes may result in excessive cytotoxicity and tissue damage. The generation of recombinant M . paratzlbercdosis hsp6O described here, and the relatively high level of y6 T cells in the sheep species, will allow us to investigate this proposal.
